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Abstract 
Ankle ligamentous sprain is one of the most common injuries encountered at sport 
events. Understanding its injury mechanism could foster the establishment of 
preventive measures. In some occasions, sport injuries were captured and showed on 
television in multiple views. With the use of an appropriate motion analysis technique, 
these video recordings may provide valuable information on the understanding of the 
injury mechanisms. In current study, an ankle joint video motion analysis technique 
was developed based on the Model-Based Image-Matching (MBIM) technique 
developed by the Oslo Sports Trauma Research Centre (OSTRC). The Pearson's 
correlations were higher than 0.946 for all angles of motion and conditions. The ICC 
coefficients for intra-rater reliability demonstrated excellent correlation (lCC 
coefficient >0.955) for all angles of motion and conditions. The ICC coefficients for 
inter-rater reliability demonstrated excellent correlation (lCC coefficient >0.952) for 
angles of motion between two researchers. The MBIM was proven as an accurate and 
reliable method to measure ankle joint kinematics in a situation that calibrated motion 
analysis system was not available. Our research group collaborated with the 
International Olympic Committee (lOC) and OSTRC to obtain ankle ligamentous 
sprain video recordings for motion analysis. Two cases from Beijing Olympic Games 
2008 and one case from tennis match were analyzed using ankle joint MBIM motion 
analysis technique. This dissertation was to present the three-dimensional ankle joint 
kinematics of ankle supination sprain injury cases screened out by the injury 
surveillance system in Beijing Olympics Games 2008. The inversion velocities 
measured were 1752°/s for high jump injury, 1397°/s for field hockey injury and 
1488° /s for tennis injury. The results from the analysis would contribute to the 











的可靠度分別高達 0.955 及 0.952 。透過與國際奧委會 ( IOC ) 和奧斯陸體育運
動創傷研究中心 (OSTRC) ，我們的研究小組得到足躁關節扭傷的錄像作分析和
相關的診治紀錄 。 當中兩個案件發生在零八北京奧運會，另一個則在網球比賽中
發生 。分析所得，案例中的躁關節最大內反速度為 17520/s (跳高案例) ' 13970/s(曲
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Chapter 1: Introduction 
Ankle ligamentous sprain is one of the most common injuries encountered at sport 
events. Twenty percent of the sports injuries are ankle ligamentous sprains (Fong et aI., 
2007). Understanding the injury mechanism could foster the establishment of 
preventive measures (van Mechelen et aI., 1992). A precise description of the injury 
situation is a key component to understanding the aetiology and injury mechanism 
(Bahr and Krosshaug, 2005). From previous studies, qualitative analyses of joint 
biomechanics were reported on ankle injuries based on visual inspection (Andersen et 
aI., 2004, Giza et aI., 2003). Quantitative analyses on injury cases were available only 
in rare circumstances due to the lack of calibrated video setting (Zernicke et aI., 1977; 
F ong et aI., 2009). In order to develop a novel biomechanical analysis to produce 
continuous measurement of joint kinematics from video recordings, Krosshaug and 
Bahr (2005) introduced a Model-Based Image-Matching (MBIM) motion analysis 
technique for investigating human motion from uncalibrated video sequences. This 
technique was validated for the hip and knee joint and was employed the technique to 
determine the injury mechanism of anterior cruciate ligament ruptures (Krosshaug et 
aI., 2007). 
Before using this technique to analyze ankle joint kinematics, it is necessary to firstly 
validate this technique. Therefore, it is necessary to validate the method for the ankle 
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joint before it can be utilized in future studies involving ankle kinematics. The first 
part of this dissertation was therefore to validate the MBIM technique for measuring 
ankle joint kinematics in cadaveric lower limb specimen using bone-pin marker-based 
motion analysis as the gold standard. 
Sport injuries were occasionally shown on TV in multiple views, and these video 
recordings could be analyzed by the MBIM motion analysis technique. In 2008, the 
International Olympic Committee suggested an injury surveillance system for 
multi-sports tournaments (lunge et aI., 2008). The injury surveillance system provides 
important epidemiological information. lunge et aI. (2009) reported the frequency, 
characteristics, and causes of injuries during the Beijing Olympics Games 2008. 
Based on the information from the injury surveillance system, the injury incidents 
could be matched with the televised video recordings. Using the MBIM motion 
analysis technique, the ankle joint kinematics of the ankle ligamentous sprain injury 
cases could be reconstructed. This valuable information could contribute to the 
understanding of injury mechanism of ankle ligamentous spraIn under supination 
ankle motion. Furthermore, preventive measures will be developed based on these 
findings (van Mechelen et aI. , 1992). The second part of this dissertation was to 
present the three-dimensional ankle joint kinematics of ankle supination cases 
screened out by the injury surveillance system in Beijing Olympics Games 2008. 
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Chapter 2: Review of literature 
2.1 Why prevent ankle Iigamentous sprain? 
Promotion of fitness and healthy lifestyle causes the increase in sport participation all 
over the world. Regular activity reduces the risk of premature mortality, coronary 
heart disease, hypertension, colon cancer, obesity and diabetes mellitus in particular 
(Warburton et aI., 2006). When more people involved in sport activity or exercise, the 
problem of sport injury becomes significant. Sport injury can be defined as any 
unintentional or intentional damage to the body resulting from participation in any 
pastime or game requiring physical effort (Chalmers, 2002). For recreational athletes, 
injuries may result in loss of regular physical and social activities and problems with 
general health, such as chronic pain and recurrence of injury. For professional players, 
there may be loss of earnings and the risk of losing their careers. In addition, sport 
injuries causes extra burden on medical service system. In Scandinavia, every third 
hospital-treated injury is the result of sports participation (Bahr et aI. , 2002). Ankle 
ligamentous sprain injury is the most common single type of acute sport trauma, and 
it accounts for 10-30% of all sports injuries (Fong et aI. , 2007). In the United States 
and the United Kingdom, there are, 23,000 and 5,000 ankle injuries each day (Kannus 
& Renstrom, 1991). In the Netherlands, all ankle sprains cost approximately 43.2 
million euros a year, with absence from paid and unpaid work responsible for up to 
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80% of these costs (Verhagen et aI., 2005). In Hong Kong, ankle ligamentous sprain 
injury accounted for 14% of all attendance in an accident and emergency department 
(Fong et aI., 2008). More than 30% of sportsmen suffer from chronic ankle instability 
or recurrent ankle sprain after the first-time ankle sprain (Beynnon et aI., 2002). The 
immediate impacts of ankle ligamentous sprain on players are pain and loss of 
mobility. Sport injury like ankle ligamentous sprain results negative consequences on 
sports participation, sport industry and medical service burden. 
2.2 A sequence of injury prevention 
van Mechelen (1992) proposed a sequence of injury prevention. Firstly, through 
epidemiological study, a particular type of injury must be identified and described in 
terms of incidence and severity. Secondly, the risk factors and injury mechanisms are 
identified. Thirdly, based on the risk factors and injury mechanism preventive 
measures are introduced to reduce the future risk and severity of sports injuries. 
Finally, the effect of the preventive measures must be repeating the first step. The 
outcome must be evaluated by a time-trend analysis of InjUry patterns or a 
randomized clinical trial. 
Sports injuries are mostly musculoskeletal injury such as tendon rupture and bone 
fracture. Musculoskeletal injuries are caused by imbalance of internal muscle force 
and external environmental force, resulting in damage to the anatomical biological 
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tissues and structures. Injury occurs when the loading exceeds the tissue tolerance 
level. The injury mechanism can be described by a precise of the inciting event (Bahr 
& Krosshaug, 2005) (Figure 2.2). Susceptible athlete could result in injury if they 
encountered the inciting event. And the inciting event can be described by: (1) Playing 
situation; (2) Player/opponent behaviour; (3) Gross biomechanical description; 
(4) Detailed biomechanical description. The first three descriptions could be deduced 
by athlete interview or visual inspection of injury case; however the detailed 
. 
biomechanical description needed advance technique to simulate or analyzed from 
injury in real situation (Krosshaug et aI, 2005). 
2.3 Biomechanical approaches in defining injury mechanism 
Biomechanics analysis helps studying the forces and effects, and establishes the injury 
mechanism (Viano et aI., 1989). To study injury, the most direct way is to study the 
real injury in a biomechanics laboratory. However, this is unethical to reproduce 
injury for research. One step backward, researcher tried to simulate the injury by 
sub-injury motion. Study of the sub-injury motion could provide information on 
understanding the injury mechanism (Chan et aI., 2008); however, the results could 
only be the reference but not the actual case. Quantitative analyses on injury cases in 
biomechanics laboratory were available under rare circumstances due to coincidental 
calibrated video setting (Fong et aI., 2009). Body marker tracking system or calibrated 
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video setting are not always available in all situations. In some situations, accidental 
sports injuries had occurred in a televised event or competition, which provided 
valuable information for injury biomechanics analysis, for instance, the extreme joint 
angle and velocity. The first video motion analysis of injury case was report by 
Zernicke et aI. (1977) who reported a case of a human patellar tendon rupture during a 
weight-lifting competition. Systematic qualitative video analyses on ankle 
ligamentous injury were done by several research groups (Andersen et aI. , 2004; Giza 
et aI. , 2003). However, the detailed joint biomechanics such as joint angle and angle 
torque were not revealed. 
2.4 Injury mechanism of ankle Iigamentous sprain in sports 
The injury mechanism of ankle supination sprain is known as inversion plus an 
internal rotation of the ankle (Safran et aI. , 1999), and plantarflexion with the subtalar 
joint adducting and inverting (Vitale & Fallat, 1988). Sometimes there is also an 
external rotation of the lower leg in respect to the ankle joint (Hertel, 2002). The site 
of ligamentous injury depends on the ankle joint orientation. When the foot is in 
plantarflexion, the anterior talofibular ligament is often injured; when the foot is in 
dorsiflexion, the calcaneofibular ligament is often injured (Bennett, 1994). In a recent 
study to analyze the ankle supination sprain injury with video, Andersen et al. (2004) 
reported that there were two major injury mechanisms: (1) impact by opponent on the 
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medial aspect of the leg just before or at foot strike, resulting in a laterally directed 
force causing the player to land with the ankle in a vulnerable inverted position; (2) 
forced plantarflexion when the injured player hit the opponent's foot when attempting 
to shoot or clear the ball. Most of these mechanisms finally led to the rupture or strain 
of the anterior talofibular ligament, as this ligament often sustained higher strain and 
strain rate values than the other ligaments at the lateral ankle (Self et aI. , 2000). 
Regarding the detailed joint biomechanics of ankle ligamentous sprain injury, only 
one study reported a quantitative analysis. An accidental supination sprain injury was 
analyzed, where the ankle sprain injury occurred in a laboratory under a highspeed 
video capturing setting. It reported that the ankle joint reached an inversion of 48 
degrees and an internal rotation of 10 degrees (Fong et aI. , 2009). Moreover, the 
maximum inversion velocity reported reaches 632 0 Is. 
2.5 Model-Based Image-Matching motion analysis 
Data and insight into injury mechanism can be obtained through different approaches, 
including surveys of injured athletes, laboratory motion analysis, cadaver studies or 
mathematical simulations (Krosshaug et aI. , 2005). Other than the rare accidental case 
during biomechanical experiment (Fong et aI. , 2009), the only approach that has 
potential to record the kinematics of a real injury situation is analysis of injury videos 
(Krosshaug et aI. , 2007). Krosshaug and Bahr (2005) developed a Model-Based 
7 
Image-Matching (MBIM) motion technique to measure the joint motion from 
multi-views uncalibrated video recordings, and successfully employed the technique 
to analyze anterior cruciate ligament injury mechanisms (Krosshaug et aI., 2007). The 
basic idea is to match a scaled skeleton model on the multi-views video images 
(Figure 2.3), and then the joint biomechanics is resolved from the orientation of 
skeleton model. 
The method can potentially provide information about joint biomechanics in 
situations where traditional motion analysis is not possible. However, the MBIM 
motion analysis was only validated on hip and knee joint, further development and 
validation are needed before fully use on ankle joint motion measurement. 
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Chapter 3: Development of an ankle joint Model-Based Image-Matching motion 
analysis technique 
The content of this chapter has been submitted to Gait and Posture and is currently 
under review process. 
Mok, K.M., Fong, D.T.P., Krosshaug, T. , Hung A.S.L., Yung, P.S.H., & Chan, K.M. 
(Submitted) An ankle joint model-based image-matching motion analysis technique. 
Gait and Posture. 
3.1 Introduction 
Ankle ligamentous sprain is one of the most common injuries encountered in sports 
(Fong et aI. , 2007; Fong et aI., 2009). The most direct approach to study such injury is 
to analyze video sequences of real ankle sprain injury incident occasionally captured 
during televised sport events. It provides valuable information for quantifying the 
ankle joint kinematics and understanding the injury mechanism (Chan et aI., 2008). 
There is a challenge to conduct biomechanics analysis on these video sequences 
which are often uncalibrated. To cope with this, Krosshaug and Bahr (2005) 
introduced a Model-Based Image-Matching (MBIM) technique for reconstructing 
three-dimensional human motion from uncalibrated video sequences, and successfully 
employed the technique to analyze anterior cruciate ligament injury mechanisms 
(Krosshaug et aI., 2007). 
The developed MBIM technique was validated for the hip and knee joint only. 
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Therefore, it is necessary to validate the method for the ankle joint before it can be 
utilized in future studies involving ankle kinematics. The purpose of this study was 
therefore to validate the MBIM technique for estimating ankle joint kinematics in a 
cadaveric lower limb specimen using bone-pin marker-based motion analysis as the 
go Id standard. 
3.2 Materials and method 
3.2.1 Cadaver test 
Five cadaveric below-hip speCImens (shank length = 32.4±1.9cm, shank 
circumference = 24.6+ 1.4cm, foot length = 22.5±O.7cm, foot width = 8.2±O.6cm) 
were prepared for testing. Bare-foot and shoe-wearing conditions were included 
(Figure 3.1). The Achilles tendon and some soft tissues around the ankle were cut to 
increase joint range of motion. Hofmann 11 external fixation 5.0mm bone-pins 
(Stryker, USA) with triads of reflective markers were drilled into the posterolateral 
side of the calcaneus and into the tibia through the lateral tibial condyle (Reinschmidt 
et ai., 1997a). Four video cameras (Casio EX-Fl , Japan) were used to record the ankle 
motion in 30Hz with 640x480 resolutions from different views. A static calibration 
trial in the anatomical position served as the offset position to determine the segment 
embedded axes of the shank and foot segment. The foot coordinate system was 
aligned with the Laboratory Coordinate System (LCS) (Reinschmidt et ai. , 1997b). 
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Figure 3.1. Cadaveric leg inserted with bone-pin markers in bare-foot and 
shoe-wearing conditions 
Reflective skin markers were attached to the lateral femoral epicondyle, medial 
femoral epicondyle, lateral malleolus and medial malleolus to define knee and ankle 
joint centers (Wu et aI. , 2002), the markers were removed after the static calibration. 
To define the shank coordinate system, the line connecting the knee joint centre and 
ankle joint centre was the longitudinal axis of the shank segment (Xl). The 
anterior-posterior axis of the shank segment (X2) was the cross product of X I and the 
line joining the lateral femoral epicondyle and medial femoral epicondyle. The 
medial-lateral axis of the shank segment was the cross product of Xl and X2. 
Full-range plantarflexion/dorsiflexion, inversion/eversion and relative circular motion 
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between the shank and foot segments were performed on the ankle joint with 
maXImum manual effort. The video recordings from four video cameras were 
analyzed by video motion analysis system (Ariel Performance Analysis System, USA) 
was used to calculate the reflective marker's three-dimensional coordinates. A 
singular value decomposition method was employed to calculate the transformation 
from triad reference frame to anatomical shank and foot reference frame (Sodervist 
and Wedin, 1993). Joint kinematics was resolved by the Joint Coordinate System (JCS) 
method (Grood and Suntay, 1983). 
3.2.2 Model-Based Image-Matching motion analysis 
The videos were analyzed using the MBIM technique (Krosshaug and Bahr, 2005). 
Two researchers, A and B, performed the manual skeleton matching process five times 
on each specimen (Figure 3.2). Both researchers possessed good human biomechanics 
knowledge and were trained to implement the MBIM technique with the same 
protocol (Figure 3.3). A skeleton model within Poser (Zygote Media Group Inc., 
Provo, UT, USA) was used in the skeleton matching process. 
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Figure 3.2. The work distribution of the skeleton matching for researcher A and 
B, who operate the MBIM motion analysis technique 
Synchronization of multi-
views videos sequences 
Building skeleton model 
Building virtual environment 
in Poser 
t Scaling skeleton model 
Matching virtual environment 
in Poser / 
" ~ ~ 
M atching the pelvis 
~ 
Matching the femur 
-Identify the patella position 
~ 
Matching the tibia 
-Identify the long axis of the shank 
-Identify the anterior edge of shank 
~ 
Matching the foot 
-Identify the long axis of the foot 
-Identify the plantar foot 
-Regard foot segment as a rectangular board 
~ 
Refinement 




Kinematics resolved by Joint Coordination 
System (Grood, 1983) using customized 
Matlab program 
Figure 3.3. Protocol of skeleton matching proposed to MBIM operator 
13 
Because the default ankle joint center was not located at the mid-point of malleolus, 
the ankle joint centre need to be reset in the Joint Editor Section of Poser software 
(Curious Labs, Inc., Santa Cruz, CA, USA), setting the centre of right ankle joint 
center as [-0.045 0.030 -0.008]; left ankle joint centre as [0.045 0.030 -0.008]. 
After the preliminary skeleton matching, the motion of the skeleton model was 
reassessed for the whole video and adjusted frame by frame to ensure a smooth 
matched motion. Figure 3.4 shows an example of the skeleton matching. The 
kinematics results from the MBIM technique as well as the bone-pin marker based 
motion analysis were filtered using a Butterworth low pass filter with 5Hz cut-off 
frequency, in order to filter out the high frequency noise (Robertson and Dowling, 
2003). 
Figure 3.4. An example of finished skeleton matching using MBIM motion 
analysis technique, skeleton model on video images 
3.2.3 Statistical analysis 
The difference between bone-pin marker based analysis and MBIM technique was 
quantified using Root Mean Square (RMS) error. Bivariate Pearson correlations were 
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calculated to compare the similarity of the trends between the two techniques. 
Intra-rater reliability, inter-rater reliability of the MBIM technique was assessed with 
Intraclass Correlation Coefficients (ICCs). With the joint histories from the MBIM 
technique being continuous measurements, ICCs with two-way mixed model average 
measure were calculated to evaluate reliability (Hopkins, 2000). In 1986, Fleiss 
suggested that an ICC coefficient of >0.75 was accepted as evidence of good 
agreement (Fleiss, 1986). However, after several decades of development in 
biomechanics measurement technique, an ICC coefficient of >0.75 is already not a 
demanding standard. For instance, the intra-rater reliability of an in-vivo ankle 
stiffness measurement device could reach 0.96 (Zinder et aI. , 2007). Our group 
suggest that an ICC coefficient of >0.90 was accepted as evidence of good agreement 
in reliability for biomechanics measurement technique. 
3.3 Results 
3.3.1 Validity 
In both testing conditions, the RMS errors were less than three degrees for all angles 
of motion (plantar/dorsiflexion, inversion/eversion, internal/external rotation). The 
measurement difference, standard deviation of difference, 95% limits of agreement 
and related statistical results were reported in table 3. The Pearson 's correlations were 
higher than 0.946 for all angles of motion and conditions. In general, the MBIM 
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technique achieved excellent accuracy and correlation with the results from the 
bone-pin marker-based motion analysis. 
3.3.2 Intra-rater reliability 
Results of lee coefficients on three angle of motion were shown in table 3.1 . In both 
bare-foot and shod conditions, the lee coefficients for intra-rater reliability 
demonstrated excellent correlation (lee coefficient >0.955) for all angles of motion. 
Intra-rater reliability was considered to have achieved as all lee coefficients were 
greater than 0.950, and the analysis was reproducible from a single researcher. 
Table 3.1. Intra-rater Reliability (Intra-Class Correlation Coefficient) 
Plantarflexion/dorsiflexion Inversion/eversion Internal/external rotation 
Researcher A B A B A B 
Bare-foot 
Leg 1 0.999 0.998 0.997 0.993 0.957 0.968 
Leg 2 0.997 0.999 0.999 0.999 0.991 0.987 
Leg 3 0.997 0.996 0.992 0.995 0.986 0.983 
Leg 4 0.998 0.999 0.997 0.999 0.978 0.981 
Leg 5 0.992 0.998 0.999 0.999 0.971 0.958 
Average 0.997 0.998 0.997 0.997 0.977 0.975 
Shoe-wearing 
Leg 1 0.997 0.999 0.994 0.997 0.928 0.945 
Leg 2 0.990 0.997 0.997 0.987 0.940 0.987 
Leg 3 0.994 0.994 0.998 0.998 0.980 0.974 
Leg 4 0.996 0.994 0.996 0.997 0.976 0.980 
Leg 5 0.995 0.995 0.995 0.997 0.953 0.950 
Average 0.994 0.996 0.996 0.995 0.955 0.967 
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3.3.3 Inter-rater reliability 
Results of Ice coefficients on three angle of motion were shown in table 3.2. In both 
testing conditions, the Ice coefficients for inter-rater reliability demonstrated 
excellent correlation (ICe coefficient >0.952) for angles of motion between two 
investigators. Inter-rater reliability was considered to have achieved as all Ice 
coefficients were greater than 0.90, and the analysis was reproducible to different 
researchers. 








Internal! external rotation 
0.952 
0.948 
Skin-marker based motion analysis IS the most common present approach to 
investigate joint kinematics. Skin markers gave RMS error of 4.70 for 
plantarflexionldorsiflexion angle, 4.60 for inversion/eversion angle and 3.60 for 
internal/external rotation angle under slow speed running (Reinschmidt et aI., 1997a). 
The RMS errors of the three angles of motion were less than 30 for the entire testing 
motion (Table 3.3), so it performed comparatively better than skin-marker based 
motion analysis. In our study, bare-foot and shoe-wearing conditions were also tested. 
Basketball shoes was chosen because basketball shoes had high tops which covered 
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the whole ankle joint, and this made the most difficult situation for the skeleton 
Table 3.3. Accuracy and Correlation for all angles of motion in two conditions 
Plantarflexion + / Dorsiflexion -
Root mean square (rms) error 
Mean difference (d) 
S.D. of difference 
95% limits of agreement 
Pearson's correlation (R) 
R Square (R2) 
Inversion + / Eversion -
Root mean square (rms) error 
Mean difference (d) 
S.D. of difference 
95% limits of agreement 
Pearson's correlation (R) 
R Square (R2) 
Internal rotation + / External rotation -
Root mean square (rms) error 
Mean difference (d) 
S.D. of difference 
95% limits of agreement 
Pearson's correlation (R) 







































matching process. By visual inspection, there was shear movement between the foot 
and shoe, the underlying movement of foot segment was hidden. Nevertheless, the 
accuracy of MBIM technique is shoe-wearing conditions is still very good. Regarding 
the reliability of the MBIM technique, the average Ice coefficients for the intra-rater 
reliability were greater than 0.928 for all ranges of motion and the average ICe 
coefficients for the inter-rater reliability were greater than 0.948. These results 
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implied that different trained researchers can produce the same results with excellent 
reliability. 
In practice, ankle joint is composed of two joints, talocrural joint and subtalar joint. 
Talocrural joint is responsible for the eversion and inversion motion. Subtalar joint is 
mainly for plantarflexion and dorsiflexion motion. In the skeleton model of the 
MBIM technique used, the ankle joint was regarded as a single joint complex. 
Moreover, it is impossible to identify the small bone movement from video images. 
Therefore, the MBIM technique could not provide the proportion of movement on 
talocrual joint and subtalar joint, instead, only provide the kinematics on single joint 
complex basis, it is the major limitation of the MBIM technique. 
A protocol is suggested by our research group and it is important for researchers to 
understand the rationale behind. During the skeleton matching process, researchers 
should be careful in identifying the longitudinal axis orientations of the shank and the 
foot segments. For inversion/eversion, it was highly dependant on the orientation of 
the foot segment. The foot segment could be regarded as a rectangular board. And, the 
orientation of the plantar foot would be key information to match the foot skeleton on 
the video images. Using the top view camera and front view camera in Poser, the 
detailed orientation of the foot segment could be seen and further fine tuning was 
possible. For internal/external rotation, the low accuracy of the MBIM technique was 
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found on knee joint measurement because of the lack of internal rotation of the soft 
tissue of the thigh relative to the underlying bone (Krosshaug & Bahr, 2005). 
Similarly, the shank was comparably difficult to be perfectly matched. In the 
matching of the tibia model on the images, the patellar position and the anterior edge 
of the shank were the decisive landmarks to define the internal rotation orientation of 
the shank. Those two anatomical landmarks were chosen because the underlying soft 
tissue was relatively thin, and they could precisely reflect the rotation orientation of 
the tibia. Lastly, researchers were suggested to reassess the motion of the skeleton 
model for the whole video and adjusted frame by frame to ensure a smooth matched 
motion. 
The MBIM motion analysis technique is a novel approach to reconstruct the 
three-dimensional kinematics from uncalibrated video sequences, authors would like 
to point out several directions for the MBIM technique to be further developed. Firstly, 
more than four commercial softwares were employed in the whole analysis. It would 
be more user-friendly and time-effective if an all-in-one software was developed. 
Secondly, the skeleton matching process was extremely time-consuming to the 
researcher. The process could be more time-saving if camera position estimation and 
edge detection technique were implemented (Oe et aI. , 2005). The camera position 
estimation technique could help matching the virtual environment in a more precise 
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and faster manner, and the edge detection technique could objectively outline the 
segment boundary for skeleton matching. However, this kind of development was 
currently not possible on the MBIM technique because of the dependence on 
commercial softwares. Up to now, the MBIM technique is the only validated tool for 
measuring ankle joint kinematics from uncalibrated video sequences. The televised 
videos are sufficient for MBIM analysis. It has the potential to be developed into a 
sophisticated video analysis for research or clinical uses. For research purposes, the 
ankle kinematics information will contribute to different topics in the future , for 
instance, the motion analysis in game situations and understanding the InjUry 
mechanisms of real injury cases. 
3.5 Conclusion 
Excellent validity, intra-rater reliability and inter-rater reliability were achieved for the 
MBIM technique in both bare-foot and shoe-wearing conditions. The MBIM 
technique can therefore provide excellent measurement of ankle joint kinematics in 
situations where traditional methods are not applicable, for instance to analyze 
injuries recorded during sports competitions. 
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Chapter 4: Biomechanical motion analysis on ankle Iigamentous sprain injury 
cases 
4.1 Introduction 
A precise description of the injury situation is a key component to understanding the 
aetiology and injury mechanism (Bahr and Krosshaug, 2005). Previously, qualitative 
analysis of joint biomechanics was reported on ankle injuries based on visual 
inspection (Andersen et aI., 2004, Giza et aI., 2003). Quantitative analyses on injury 
cases are available only under rare circumstances due to coincidental calibrated video 
settings (Zemicke et aI., 1977; Fong et aI., 2009). In order to develop a novel 
biomechanical analysis to produce continuous measurement of joint kinematics from 
video recordings, Krosshaug and Bahr (2005) introduced a Model-Based 
Image-Matching (MBIM) motion analysis technique for investigating human motion 
from uncalibrated video sequences, and employed the technique to determine the 
injury mechanism of anterior cruciate ligament ruptures (Krosshaug et aI., 2007). 
Sports events were extensively televised and broadcasted as the popularity of sports 
kept increasing in recent decades. Sport injuries were occasionally shown on TV in 
multi-views basis, and those video recordings may meet the basic requirement of 
being analyzed by MBIM motion analysis technique (Krosshaug, 2005). However, the 
formal injury records or medical diagnosis were difficult to be presented due to 
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patient confidentiality and lack of assess right. In most of the cases, even the video 
recordings of injury were obtained, no proper document certified that injury happened. 
In 2008, the International Olympic Committee suggested an injury surveillance 
system for multi-sports tournaments (Junge et aI., 2008). The injury surveillance 
system provides important epidemiological information. Junge et aI. (2009) reported 
the frequency, characteristics, and causes of injuries during the Beijing Olympics 
Games in 2008. Based on the information from the injury surveillance system, the 
injury incidents could be matched with the televised video recordings. Some of the 
video recordings were of sufficient high quality to enable good accuracy in video 
analysis. Using the MBIM motion analysis technique, the ankle joint kinematics of 
the two ankle ligamentous sprain injury cases could be reconstructed. That valuable 
information could contribute to the understanding on injury mechanism of ankle 
ligamentous sprain under supination ankle motion. Furthermore, preventive measures 
will be developed based on those findings (van Mechelen et aI., 1992). 
The purpose of this paper was to present the three-dimensional ankle joint kinematics 
of three ankle supination cases; two cases were detected by the injury surveillance 
system in Beijing Olympics Games 2008. 
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4.2 Materials and method 
4.2.1 Case screening 
Injury records from the Beijing Olympics Games were published in 2009 by the IOC 
Medical Commission (Judge et aI., 2009), detailed information of each injury 
included injury time, place, sports event and part of body injured. Video recordings of 
some of the injury cases were obtained from the Olympic Broadcasting System (OBS). 
The inclusion criteria selection of videos were that the athlete was unable to continue 
the match or competition after the ankle sprain motion, and the injury motion was 
clearly shown by at least two camera views. Two ankle supination sprain cases were 
screened out for analysis. The first case was recorded from high jump event; the 
player sprained her left ankle during the take-off stepping. The second case was 
captured in male field hockey match; the athlete sprained his left ankle during running 
under opponent's pressure. Besides the two cases from Beijing Olympic Games, one 
ankle sprain case in Vienna tennis open 1995 was also included. 
4.2.2 Model-Based Image-Matching motion analysis 
The video recordings from Beijing Olympic Games were 1280x720 pixels in 
resolution, deinterlaced to 50Hz in effective frame rate; the video recordings from 
Vienna tennis open 1995 is 320x240, 50Hz in effective frame rate. The high jump 
case was captured by three video cameras, the relative angle between cameras 1 and 2 
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was 31 0 , between 2 and 3 was 17°. The relative surface area of the left below hip 
body part to the total video frame size was 2.1 % (camera 1), 3 .0% (camera 2) and 
1.5% (camera 3). The field hockey case was captured by two video cameras, the 
relative angle between cameras 1 and 2 was 43 0. The relative surface area of the left 
below hip body part to the total video frame size was 1.1 % (camera 1), 4.4% (camera 
2). The tennis case was captured by two video cameras, the relative angle between 
cameras 1 and 2 was 85°. The relative surface area of the left below hip body part to 
the total video frame size was 2.1 % (camera 1), 5.1 % (camera 2).The video 
recordings were transformed from their original format into uncompressed AVI image 
sequences using Adobe Premiere Pro (version CS4, Adobe Systems Inc. , San Jose, 
California, US). Then the sequences were de-interlaced using Adobe Photoshop 
(version CS4, Adobe Systems Inc., San Jose, California, US), and the image 
sequences were synchronized and rendered into 1 Hz video sequences by Adobe 
AfterEffects (version CS4, Adobe Systems Inc., San Jose, California, US). The 
matchings were performed using 3D animation software Poser® 4 and Poser® Pro 
Pack (Curious Labs Inc., Santa Cruz, California, US). The surroundings were built in 
the virtual environment according to the real dimension of the sport field . The models 
of surroundings were manually matched to the background for the each frame in 
every camera view. The skeleton model from Zygote Media Group Inc. (Prove, Utah, 
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US) was used for the skeleton matching. No anthropometrical measurements were 
available except subject's height. The segment dimensions were therefore iteratively 
adjusted during matching process until finally, a fixed set of scaling parameters was 
determined. The skeleton matching started with the shank segment and then distally 
matched the foot, and toe segments frame by frame. The joint angle time histories 
were read into Matlab (Math Works, USA) with a customized script for data 
processIng. Joint kinematics was deduced by the Joint Coordinate System (JCS) 
method (Grood and Suntay, 1983). The point of initial contact was defined as the foot 
touchdown observed from multi-views synchronized video. The ankle joint 
kinematics results from MBIM technique were filtered and interpolated by Woltring's 
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Figure 4.1. Ankle joint kinematics of the player during the ankle supination 




4.3.1 High jump injury 
The injury occurred when the player performed the take-off stepping in the high jump 
qualification. At the point of initial contact, the heel contacted the ground with the 
ankle joint 30° inversed, 28° internal rotated and 5° plantarflexed, shown in Figure 
4.1. At that time, the athlete was twisting her torso for over jumping the bar. Her left 
ankle was internal rotated because of the shank external rotation. At 0.08s after initial 
contact, the inversion angle reached maximum, shown in Figure 4.2 . At that time, the 
ankle joint was 142° inversed, 37° internal rotated and 7° dorsiflexied. The maximum 
inversion velocity was 1752°/s. 
Figure 4.2. Captures at the point of maximum inversion angle for high jump injury 
4.3.2 Field hockey injury 
The injury occurred when the player was chasing the opponent with body contact. At 
the point of initial contact, the ankle joint was 7° inversed, 4° internal rotated and 41 ° 
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dorsiflexed, shown in Figure 4.1. After 0.02s, his forefoot slightly stepped on the 
opponent's foot and the ankle supination motion was triggered. At 0.08s after initial 
contact, the inversion angle reached maximum, shown in Figure 4.3. At that time, the 
ankle joint was 78° inversed, 27° internal rotated and 13° dorsiflexed. The maximum 
inversion velocity was 1397° Is. 
Figure 4.3. Captures at the point of maximum inversion angle for field hockey 
injury 
4.3.3 Tennis injury 
The injury occurred the player was performing cutting motion with backhand volley 
in the tennis match. At the point of initial contact, the ankle joint was 11 ° inversed, 
10° internal rotated and 18° dorsiflexed, shown in Figure 4.1. After the full plantar 
foot contact, increase in inversion and internal rotation were observed until the 
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inversion reach the peak value, 94°, at 0.12s. After the peak inversion, the ankle kept 
internal rotated and plantarflexed. The maximum inversion velocity was 1488° Is. 
Figure 4.4. Captures at the point of maximum inversion angle for tennis injury 
Table 4.1. The descriptive data of ankle joint kinematics of the three injury cases 
High Jump Hockey Tennis Fong et al. (2009) 
Max. Inversion angle 
Max. Inversion velocity 
Duration (le to Max.Sprain) 
4.4 Discussion 
142° 78° 94° 48° 
1752°/s 1397°/s 1488°/s 632°/s 
0.08s 0.08s 0.12s 0.08s 
For the high jump case, the ankle joint was internally rotated by the twisting motion 
of the torso at initial contact. This ankle joint orientation would favour the ankle joint 
to perform a supination motion. In this case, the athlete failed to keep the ankle joint 
under control. At 0.04s after the initial contact, the ankle joint changed from an 
increase to a decrease in plantarflexion angle. As shown in Figure 4.5 , the ankle joint 
was inversed until the lateral malleolus touched the ground. Plantarflexion could not 
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be performed in that joint orientation. Finally, the ankle joint sprain injury occurred at 
O.08s after the initial contact and that sprain motion caused the ankle ligamentous 
spraln lnJury. 
05 0.025 0.045 0.065 0.085 
Figure 4.5. Frame sequence of high jump injury. Time zero represented the point 
of initial contact. 
For the hockey injury, the ankle joint was in normal orientation at initial contact. 
Immediately after the initial contact, the medial forefoot contacted the opponent's foot 
and ankle joint inversion was triggered. The frame sequence of the injury is shown in 
Figure 4.6. Similar to the high jump injury case, the ankle joint was not plantarflexed 
at the point of maximum inversion angle obtained (O.08s after initial contact). 
Figure 4.6. Frame sequence of field hockey injury. Time zero represented the 
point of initial contact. 
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In summary, the injury mechanism were different that suggested by previous studies. 
Garrick et aI. (1977) indicated that the typical mechanism of ankle ligamentous sprain 
was a combination motion with inversion, internal rotation and plantarflexion. In 
ankle supination spraIn, preVIOus suggestion are ankle inversion plus an internal 
twisting of the foot (Safran et aI., 1999), and plantarflexion with the subtalar joint 
adducting and inverting (Vitale and Fallat, 1988). However, in the present three cases, 
the plantartflexion was found not to be involved in the ankle sprain injury motion. It 
implies that the subtalar joint was less involved in the ankle supination sprain injury. 
The maximum inversion angle was reached at 0.08s after the initial contact. 
Konradsen et aI. (1991) indicated that the reaction time of the peroneal muscles in 
healthy male subjects with stable ankles was 0.05 to 0.08s, and Fong et aI. (2009) 
suggested that inactive peroneus tendons may be the reason the sprain occurred. 
Lastly, the maximum inversion velocity of the three injury cases were 1752°/s for 
high jump injury, 1397° Is for hockey injury and 1488° Is for tennis injury. It is much 
larger than 632°/s which has been reported by a previous study (Fong et aI, 2009). 
This suggests that the ankle joint experienced an explosive inversion torque and 
subsequent abrupt kinematic changes. In summary, the findings suggest that 
researchers may reduce the emphasize on plantarflexion as an important component 
of ankle supination sprain motion. Instead, inversion and internal rotation should be 
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emphasized when designing preventive measures. Furthermore, short injury duration 
and high inversion velocity implies that preventive measures should be able to resist a 
large ankle torque in a very short period of time. 
Os 0.025 0.045 0.065 0.085 0.105 0.125 
Figure 4.7. Frame sequence of tennis injury. Time zero represented the point of 
initial contact. 
This study is limited to three cases were screened out for the MBIM motion analysis . 
The roc Medical Commission is working on an improvement allowing better 
connection between the surveillance system and videos. In addition, information on 
subject anthropometric data could increase the accuracy of the analysis (Krosshaug et 
aI., 2007). In the case, the subject anthropometric data were not available because 
those measurements were not included in the injury surveillance system. 
4.5 Conclusion 
This study reported the ankle joint kinematics of ankle ligamentous sprain. The ankle 
ligamentous injury resulted from a motion combining of internal rotation and 
inversion on ankle joint, instead of plantarflexion and inversion which was 
traditionally regarded as the typical injury mechanism. Furthermore, the maximum 
inversion angle was occurred at 0.08s after initial contact. The inversion velocities 
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measured were 1752°/s for high jump injury 1397°/s for hockey injury and 1488°/s 
for tennis injury. The results from the MBIM technique could contribute to the 
understanding of the injury mechanism of ankle supination sprain injury. 
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Chapter 5: Summary and future development 
This dissertation presents a series of researches toward the understanding of injury 
mechanism of ankle ligamentous spraIn Injury In sports. A novel ankle joint 
Model-Based Image-Matching motion analysis technique was developed and 
validated in the study. The technique is capable to measure the ankle joint kinematics 
from uncalibrated video sequences. It could quantitatively presents the ankle 
biomechanics during a supination sprain injury in televised sports competition. Our 
research group collaborated with the International Olympic Committee (IOC) and 
Oslo Sports Trauma Research Center (OSTRC), ankle supination sprain video 
recordings were provided for MBIM motion analysis. Besides two cases from Beijing 
Olympics Games 2008, a tennis injury was analyzed. The ankle kinematics as well as 
the peak inversion velocity was reported. The results revealed that less plantarflexion 
as the component of ankle supination sprain motion, instead, inversion and internal 
rotation contributed to the injury motion. The information could contribute to the 
understanding of injury mechanism of ankle ligamentous sprain in sports and point to 
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